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ORIGINAL ARTICLE 

Prevalence and pharmacological modulation of humoral immunity 
to AAV vectors in gene transfer to synovial tissue 

F Mingozzi 1 , Y Chen 1 ' 2 , SC Edmonson 1 ' 2 , S Zhou 1 , RM Thurlings 3 , PP Tak 3 ' 4 , KA High 1 ' 2 and MJ Vervoordeldonk 3 ' 4 

Antibodies against adeno-associated viral (AAV) vectors are highly prevalent in humans. Both preclinical and clinical studies showed 
that antibodies against AAV block transduction even at low titers, particularly when the vector is introduced into the bloodstream. 
Here we measured the neutralizing antibody (NAb) titer against AAV serotypes 2, 5, 6 and 8 in the serum and matched synovial fluid 
(SF) from rheumatoid arthritis patients. The titer in the SF was lower than that in the matched plasma samples, indicating a 
difference in distribution of NAb to AAV depending on the body fluid compartment. This difference was more evident for AAV2, 
against which higher titers were measured. Of all serotypes, anti-AAV5 antibodies were the least prevalent in both the serum 
and SF. We next evaluated the impact of B-cell depletion on anti-AAV antibodies in rheumatoid arthritis patients who received 
one or two courses of the anti-CD20 antibody rituximab as part of their disease management. A drop of NAb titer was observed 
in a subset of those subjects carrying NAb titers ^1:1000; however, only in a minority of subjects titers dropped below 1:5. 
This work provides insights into strategies to overcome the limitation of pre-existing humoral immunity to AAV vectors. 
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INTRODUCTION 

Rheumatoid arthritis (RA) is a chronic immune-mediated inflam- 
matory disease of unknown etiology, affecting about 1% of the 
population worldwide. 1 RA is characterized by inflammation of the 
synovium leading to progressive destruction of cartilage and 
bone. 2 Although all joints can be affected, hands, feet and knees 
are the most commonly affected joints. The primary manifestations 
of RA are pain, swelling and limited motion of joints. 

Over the past several years, remarkable progress has been made 
in the development of effective gene transfer strategies for the 
treatment of inherited and metabolic diseases, with some of the 
most exciting results of in vivo gene transfer in humans obtained 
using recombinant adeno-associated virus (AAV) vectors. 3 For RA, 
most of the pre-clinical and clinical studies have focused on the 
delivery of therapeutic genes locally in the inflamed joint. 4-6 First in 
human studies for the local delivery of a soluble tumor necrosis 
factor-oc receptor to the synovial tissue of RA patients focused on 
the use of AAV2 vectors. 7,8 More recently, preclinical in vitro and 
in vivo studies identified AAV5 as one of the most efficient 
serotypes for the transduction of synovial tissue, especially 
fibroblast-like synoviocytes. 9,10 Currently, the use of an AAV5 
vector expressing the anti-inflammatory cytokine interferon-^ is 
under development for local gene therapy in patients with RA. 6 

Humoral immunity against AAV vectors represents an important 
barrier to intravascular gene transfer, resulting in clearance of the 
vector before it enters the target cell. 11,12 Antibodies directed 
against the AAV capsid are highly prevalent in humans, a natural 
host for this virus, and crossreact with a wide range of serotypes 
because of the degree of homology of capsid protein sequence. 13 
As a result, even relatively low titers of neutralizing antibodies 
(NAbs) can block AAV transduction when the vector is introduced 



into the bloodstream. Conversely, gene transfer to the eye, the 
brain or direct intramuscular delivery of AAV vectors seems to be 
less susceptible to neutralization by NAb. 11,12,14-17 

NAbs to AAV are found in synovial fluid (SF) and have the 
potential to inhibit vector-mediated transduction in a serotype- 
dependent manner. 18,19 However, little is known about the NAb 
levels against different serotypes in the SF of RA patients (likely to 
have inflamed and potentially damaged joints) and the 
relationship between anti-AAV NAb titer in the serum vs SF. 
Finally, as NAb can efficiently block AAV-mediated transduction 
in vivo, strategies to overcome humoral immunity to the viral 
capsid are of great importance to achieve successful gene transfer. 

Here we measured the neutralizing activity of matched serum 
and SF samples against a range of AAV serotypes using different 
antibody screening methods; anti-AAV immunoglobulin G (IgG) 
subclasses were also analyzed. Results from this screening suggest 
that NAb titers measured in the serum are generally higher than 
those of the SF. We also evaluated in RA patients the effect on the 
anti-AAV NAb titer of single or repeated courses of immunosup- 
pression with the CD20 + B-cell-depleting antibody rituximab. Our 
results suggest that the use of AAV serotypes with low NAb 
prevalence, combined with the use of pharmacological modula- 
tion of B-cell responses, may help achieving effective gene 
transfer in subjects who would otherwise not be eligible for 
enrollment in AAV gene transfer trials. 



RESULTS 

Prevalence of anti-AAV antibodies in matched sera and SF samples 
Previous reports 18,19 show that anti-AAV antibodies are present 
in SF. To test the relationship between the prevalence of antibodies 
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in the serum and SF, matched samples were collected from 1 1 
individuals affected by RA. Initial screening with a capture assay 
for the detection of AAV2-specific total IgG showed a statistically 
significant (P = 0.0284, paired f-test) difference between systemic 
levels of IgG in the serum vs local anti-AAV IgG levels in the SF, 
with serum samples generally carrying a modestly higher titer 
(Figure 1). 

Antibody subclass analysis in the same set of samples 
confirmed initial findings for most of the subjects; median 
difference in anti-AAV IgGI and lgG2 titers were higher in the 
serum vs SF in most subjects, whereas lgG4 antibody analysis 
showed an opposite trend (Table 1). 

Next, we measured the NAb titer of sera and matched SF 
samples towards AAV2, AAV5, AAV6 and AAV8. NAb titer 
was determined using an in vitro assay described previously, 12 
in which residual activity of the (3-galactosidase reporter gene 
was measured as a surrogate for AAV vector neutralization 
by NAb. 

NAb titers in the serum and SF confirmed the results of the 
capture assay used to measure total anti-AAV IgG, that is, anti-AAV 
NAb titers were higher in the serum than in SF (Table 2). 
Differences in anti-AAV NAbs were more obvious for AAV2, as NAb 
titers were generally higher than the other serotype tested and fell 
within the limit of detection of the assay. Anti-AAV NAb had the 
highest neutralizing titer against AAV2, with 0/11 and 1/11 
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Figure 1. Anti-AAV2 total IgG titer in the serum and synovial fluid 
from subjects affected by rheumatoid arthritis. Total anti-AAV2 IgG 
were measured with a capture assay; results are expressed in 
ngml" 1 . For each sample, the average of a duplicate reading is 
reported. 



samples showing titers < 1:3.1 6 in the serum and SF, respectively. 
Anti-AAV5 NAb titers were the lowest, with 7/1 1 and 8/1 1 samples 
falling below 1:3.16 in the serum and SF, respectively. Anti-AAV6 
NAb titers were also generally low, although higher than AAV5, 
with 1/11 and 2/10 samples falling below 1:3.16 in the serum and 
SF, respectively. Finally, Anti-AAV8 NAb titer profile was similar to 
AAV6, with 1/10 and 1/10 samples falling below 1:3.16 in the 
serum and SF, respectively. 



Anti-AAV NAb titer determination is influenced by the efficiency of 
detection of the reporter gene used in the assay 

One of the major limitations of in vitro NAb assays is that they 
measure cell transduction and residual reporter gene expression 
as a surrogate for the neutralization activity of a test sample. These 
assays work efficiently with AAV2, one of the few serotypes that 
transduces cells in vitro at high levels. Conversely, serotypes like 
AAV8, which is known to perform very poorly in vitro, require 
greater multiplicity of infection to deliver a detectable reporter 
transgene signal, resulting in a lower sensitivity of the assay, 
particularly at low NAb titers, when anti-AAV antibodies in the test 
serum are limiting. 

To improve the sensitivity of detection of NAb in vitro in a cell 
culture-based assay, we switched the AAV transgene expression 
cassette from a single-stranded genome expressing (3-galactosi- 
dase (ssAAV-LacZ) to a self-complementary genome 20,21 
expressing the luciferase reporter transgene (scAAV-Luc). The 
higher efficiency of transduction of self-complementary AAV 
in vitro compared with single-stranded AAV, and the higher 
sensitivity of detection of luciferase over (3-galactosidase, allowed 
the use of multiplicity of infections 50- to 150-fold lower in the 
NAb assay. To test the efficiency of the improved assay, we 
rescreened various serum samples with known NAb titers (all 
< 1:1 00) using the two assays (Figure 2). As expected, there was 
no significant difference in the anti-AAV-2 NAb titer resulting from 
the two assays, reflecting the high efficiency of cell transduction of 
this AAV serotype in vitro (Figures 2a-c). For AAV5, 6 and 8, much 
less efficient in transducing cells in vitro, the NAb titers in the 
serum measured with the ssAAV-LacZ vectors were lower than 
that with the scAAV-Luc vectors (Figures 2d— I). For these 
serotypes, the limited sensitivity and the high background noise 
measured in the LacZ-based assay resulted in a high variability of 
optical density readings for each dilution (Figure 2). NAb titers 
(a representative set of a larger number of experiments performed), 



Table 1. Anti-AAV2 Ig subclass analysis in the serum and synovial fluid of RA patients 

Subject ID IgGI (ngmr^) lgG2 (ng ml ~ 1 ) lgG3 (ngml~^) lgG4 (ngml~^) IgM fng m/~ 1 ) 





Serum 


Synovial 
fluid 


Serum 


Synovial 
fluid 


Serum 


Synovial 
fluid 


Serum 


Synovial 
fluid 


Serum 


Synovial 
fluid 


113 


9059 


7401 


4267 


5620 


711 


608 


1400 


5038 


773 


658 


182 


36039 


15 886 


4942 


2027 


1570 


701 


677 


470 


664 


674 


221 


45191 


5351 


20 916 


1818 


9854 


437 


2168 


647 


837 


289 


254 


2679 


2134 


832 


425 


545 


584 


0 


0 


514 


424 


257 


54196 


49467 


18 265 


12 752 


8389 


9324 


4120 


5533 


895 


858 


275 


2242 


2568 


1074 


817 


1548 


1987 


1265 


2013 


427 


374 


328 


118664 


114876 


30 582 


10127 


12 653 


12 684 


10073 


13 704 


1662 


1520 


337 


108415 


NT 


12120 


NT 


5973 


NT 


719 


NT 


1147 


NT 


414 


2542 


NT 


400 


NT 


664 


NT 


0 


NT 


415 


390 


422 


67016 


38844 


6585 


7621 


1086 


4868 


1182 


5421 


1052 


873 


442 


2424 


2868 


403 


765 


399 


868 


0 


262 


311 


262 


Median 




3788 




407 




-39 




-748 




72 


difference 























Abbreviations: AAV2, adeno-associated virus 2; IgG, immunoglobulin G; NT, not tested; RA, rheumatoid arthritis. 
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Table 2. Anti-AAV NAb in the serum and synovial fluid of RA patients 



Subject ID Anti-AAV2 NAb Anti-AAV 5 NAb Anti-AAV6 NAb Anti-AAV8 NAb 





Serum 


Synovial fluid 


Serum 


Synovial fluid 


Serum 


Synovial fluid 


Serum 


Synovial fluid 


113 


1:10 


1:3.16 


<1:1 


<1:1 


1:10 


1:3.16 


1:10 


1:3.16 


1 82 


1 :31 6 


1 :100 


1 :3.1 6 


< 1 :3.16 


1:10 


1:10 


1:10 


1 :3.16 


221 


1:100 


1:3.16 


< 1:3.1 6 


< 1:3.1 6 


1:10 


<1:1 


NT 


1:3.16 


254 


1:10 


1:3.16 


<1:1 


<1:1 


1:3.16 


1:3.16 


1:3.16 


1:3.16 


257 


>1000 


1:31.6 


< 1:3.16 


1:1 


1:10 


1:3.16 


1:3.16 


1:3.16 


275 


1:3.16 


<1:1 


< 1:3.16 


< 1:3.1 6 


< 1:3.16 


<1:1 


< 1:3.16 


< 1:3.1 6 


328 


> 1:1 000 


> 1:1 000 


1:100 


1:100 


1:316 


1:100 


1:316 


1:316 


337 


> 1:1 000 


> 1:1 000 


1:10 


1:10 


1:10 


NT 


1:100 


NT 


414 


1:3.16 


1:3.16 


<1:1 


<1:1 


1:3.16 


1:3.16 


1:3.16 


1:3.16 


422 


> 1:1 000 


> 1:1 000 


1:31.6 


1:10 


1:100 


1:10 


1:31.6 


1:10 


442 


1:10 


1:3.16 


1:1 


<1:1 


1:3.16 


1:3.16 


1:3.16 


1:3.16 



Abbreviations: AAV, adeno-associated virus; NAb, neutralizing antibody; NT, not tested; RA, rheumatoid arthritis. 
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Figure 2. Comparison of anti-AAV NAb titer determinations using ssAAV-LacZ or scAAV-Luc reporter vectors. The assays shown are a 
representation of a larger set. A different serum sample from an individual donor was used in each plot. Anti-AAV NAb titers were determined 
using an in vitro assay in which an ssAAV-LacZ (blue lines) or scAAV-Luc (red lines) reporter transgene vectors were used, (a-c) Anti-AAV2 NAb; 
(d-f) anti-AAV5; (g-i) anti-AAV6; and (j-l) anti-AAV8 NAb titer determinations. Results are reported as % inhibition of the reporter gene signal 
(y axis) after incubation of the reporter AAV vector with each given dilution of the serum (x axis). Horizontal lines represent an inhibition of 
reporter signal of 50%. Titers reported in each graph represent the serum dilution at which the inhibition of the reporter signal fell below 50%; 
blue numbers, titers obtained with the ssAAV-LacZ vector; red numbers, titers obtained with the scAAV-Luc vector. Error bars represent the 
standard deviation of the average of triplicate readings. 



determined as the serum dilution at which 50% of inhibition of data indicate that for AAV serotype other than AAV2, the choice of 
reporter gene expression is measured, are reported in Figure 2 for the reporter gene system is a crucial determinant of the sensitivity 
both the p-galactosidase and the luciferase-based assays. These of the NAb assay. 
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B-cell depletion with rituximab results in partial reduction of anti- 
AAV NAb levels 

To test the efficacy of B-cell depletion with the anti-CD20 antibody 
rituximab, a series of 28 RA subjects receiving two intravenous 
infusions of 1000mg of the drug 2 weeks apart were selected. All 
subjects were also stable on methothrexate, a cytotoxic drug with 
known antiproliferative effects on both B and T cells. Following 
rituximab administration, B cells (monitored in peripheral blood by 
staining for CD19) disappeared from the circulation for several 
weeks and began reappearing around week 24 post-rituximab 
infusion. 22 Serum samples were analyzed for both non-NAb and 
NAb to AAV; no matched SF was available from these subjects. 
However, anti-AAV antibody titer determination in matched serum 
and SF samples suggests that NAb titer in the serum is 
representative of that in the SF (vide supra). Total anti-capsid IgG 
to both AAV2 and AAV5 were measured in a subset of subjects 
(n = 15) before rituximab administration and 24 weeks after the 
course was given in these patients, a time point when maximum 
therapeutic benefit (that is, disease activity score reduction) was 
observed 22 For both serotypes, a drop in total IgG was observed 
in most of the subjects tested (Figures 3a and b), which was 
statistically significant in the case of anti-AAV-2 IgG (P = 0.0371, 
paired f-test), but not for anti-AAV-5 IgG (P = 0.5020, paired f-test). 
Both for AAV2 and AAV5 IgG, a drop in titer was not observed in 
all subjects, and the magnitude of the changes measured was 
variable. This is in agreement with the observed variability in the 
clinical response to rituximab administration in this cohort of 
subjects. 22 

Despite the observed decrease in anti-AAV IgG in most of the 
subjects following rituximab administration, measurement of anti- 
AAV2 NAb in the cohort of 28 subjects at baseline, weeks 4, 1 6 and 
24 showed that only subjects with starting NAb titers equal to or 
below 1:1000 achieved a lower serum-neutralizing activity 
following rituximab administration (Figure 4), while high-titer 
NAb did not change. Out of 28 subjects, 9 had a half-log drop in 
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Figure 3. Anti-AAV IgG titers before and after a single course of 
rituximab. Anti-AAV IgGs were measured in the serum at baseline 
and 24 weeks after rituximab administration, (a) Anti-AAV2 IgG 
(ngml -1 ) and (b) anti-AAV5 IgG (ngml -1 ). For each sample, the 
average of a duplicate reading is reported. AVG, average ± standard 
deviation of all individual measurements. 



NAb titer, and in two subjects (2 and 31; Figure 4), the NAb titer 
decreased below 1:3.16 in the serum. 

We next measured the anti-AAV5 NAb titer. We focused on this 
serotype because of its superior ability to transduce synovial cells 9 
and its relatively low seroprevalence in humans 23 Anti-AAV5 NAb 
titers were measured in a subset of subjects who received one 
cycle of rituximab, who in turn received a second round of 
rituximab administration (n = 24). In addition, NAbs were also 
measured following a second round of B-cell depletion with 
rituximab. A total of 16 out of the 24 subjects screened showed a 
drop of at least a half-log in the anti-AAV5 NAb titer following 
rituximab administration, of which 6 out of 16 had a reduction in 
NAb titer following two courses of B-cell depletion (Table 3 and 
Supplementary Figure 1). The subjects who experienced a drop in 
the anti-AAV5 NAbs were mostly the same who also had a 
decrease in the anti-AAV2 NAb with some exceptions. 

Also for AAV5, only one subject (5) had a reduction in NAb titer 
below 1:5 following rituximab administration. 

These data suggest that rituximab, in combination with 
methothrexate, is at least partially effective in reducing anti-AAV 
NAb titers in humans, in some cases to levels compatible to AAV 
vector administration. 



DISCUSSION 

Humans are naturally exposed to wild-type AAV early in life, and 
consequently the frequency of subjects positive for anti-AAV 
antibodies increases steadily starting from 2 years of age. 24 
Humoral immunity to AAV can also be found in newborns, as a 
consequence of vertical transmission of maternal anti-AAV 
antibodies. 24,25 In adults, anti-AAV2 antibodies are the most 
prevalent (up to 70% of healthy humans), followed by serotypes 
like AAV5, AAV9 and AAV8, which are much less prevalent 23-26 

Studies in which AAV vectors were introduced to the systemic 
circulation of human subjects demonstrated that pre-existing 
humoral immunity to AAV vectors profoundly reduces the 
efficiency of transduction of a target tissue. 12 Results from the 
first clinical trial for liver gene transfer for hemophilia B showed 
that relatively low NAb titers, 1:17, can completely neutralize large 
doses of vector, resulting in no detection of transgene 
expression. 12 Similarly, studies conducted in non-human 
primates 11 suggest that NAb titers as low as 1:5 can block 
vector transduction. With few exceptions, like direct intramuscular 
injection, 14,1 7,27 subretinal delivery 16,28,29 and intracranial 
delivery, 15 vector administration to any body compartment in 
which immunoglobulins are present faces the hurdle of anti-AAV 
antibodies. 

Intra-articular vector delivery has been explored for the 
treatment of arthritis 7,8 and hemophilic arthropathy. 30 Although 
the approach is promising and holds several advantages 
compared to the systemic administration of a therapeutic AAV 
vector, 7,8 little is known on the prevalence of anti-AAV NAbs in 
the SF. Here we evaluated the seroprevalence of various AAV 
serotypes in matched serum and SF samples from RA-affected 
subjects. Anti-AAV antibodies were present in both compartments; 
however, the average titer in the serum was significantly higher 
than that in the SF, and differences in anti-AAV IgG subclasses 
were also noted. The significance of the higher prevalence of lgG4 
in the SF is unclear and may be related to the diseased state of the 
joints of the subjects enrolled in this study; it may be worth noting 
that high levels of lgG4 have been associated with autoimmune 
disease 31 These results suggest that NAb titer in serum samples 
are representative of those in the SF; thus, serum screening for 
NAb to AAV could be used to select subjects to be enrolled in 
gene transfer studies. Another important aspect of this finding is 
that high-titer NAb to AAV vector can be found in the SF, requiring 
the prescreening of prospective subjects and the choice of AAV 
serotypes, like AAV5, with very low seroprevalence in humans and 
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Figure 4. Anti-AAV2 NAb titer measured over time in the serum of subjects receiving a single course of rituximab. Serum samples were 
collected at baseline (pre-rituximab administration), and 4, 16 and 24 weeks thereafter. Y axis, log of the reciprocal dilution at which the 
neutralizing activity of the test serum is lower than 50%. The circles indicate subjects that show a drop in NAb titer after rituximab 
administration compared to baseline NAb titer. Baseline samples from subjects 4 and 20 and week 5 sample from subject 20 were not tested. 
For each time point, the NAb titer was obtained by testing each serum dilution in triplicate. 



Table 3. Effect of repeated rituximab administrations on anti-AAV5 NAb titers 



Subject ID First rituximab cycle Second rituximab cycle 





Baseline NAb titer 


Lowest NAb titer 


Change in NAb titer 


Baseline NAb titer 


Lowest NAb titer 


Change in N 


1 


1:31.6 


1:10 


I 


N/A 


N/A 


N/A 


4 


1:316 


1:316 




N/A 


N/A 


N/A 


5 


1:10 


1:3.16 


i 


N/A 


N/A 


N/A 


6 


1:316 


1:100 


i 


1:316 


1:316 




7 


1:1 


1:1 




1:1 


1:1 




8 


1:3160 


1:316 


i 


N/A 


N/A 


N/A 


9 


N/A 


N/A 


N/A 


1:10 


1:3.16 


I 


10 


1:3.16 


1:3.16 




N/A 


N/A 


N/A 


12 


N/A 


N/A 


N/A 


1:1000 


1:316 


1 


13 


1:1000 


1:316 


1 


1:1000 


1:316 


I 


14 


1:3160 


1:3160 




1:3160 


1:3160 




17 


1:316 


1:100 


1 


1:100 


1:100 




19 


1:3.16 


1:3.16 




N/A 


N/A 


N/A 


20 


1:316 


1:100 


I 


N/A 


N/A 


N/A 


23 


N/A 


N/A 


N/A 


1:1000 


1:10 


1 


24 


1:100 


1:1 


1 


1:10 


1:10 




25 


1:10 


1:10 




1:10 


1:10 




26 


1:3160 


1:100 


1 


N/A 


N/A 


N/A 


27 


1:31.6 


1:3.16 


1 


1:10 


1:3.16 


1 


28 


1:3.16 


1:3.16 




1:100 


1:3.16 


i 


29 


1:31.6 


1:31.6 




1:1000 


1:1000 




30 


1:10 


1:10 




1:10 


1:10 




31 


1:10 


1:3.16 


1 


1:1 


1:1 




32 


1:3160 


N/A 


N/A 


1:3160 


1:3160 





Abbreviations: AAV5, adeno-associated virus 5; NAb, neutralizing antibody; NA, sample not applicable, j, NAb titer decreased following rituximab treatment; 
= , NAb titer unchanged following rituximab treatment. 



high tropism for synoviocytes to achieve efficient gene transfer at 
the joint level. 19 Finally, the finding that NAbs in the SF are to 
some degree in equilibrium with the serum may pose a challenge 
to efficient vector readminstration, as humans develop high-titer 
anti-AAV NAb following intra-articular vector administration 8 and 
anti-AAV antibodies in AAV-infused subject persist for years after 
gene transfer (Mingozzi and High, unpublished observation). 



Given the impact of anti-AAV NAb on the efficiency of vector 
transduction, the development of sensitive, reliable methods to 
measure NAb titer is critical to the success of most gene transfer 
strategies. Cell-based in vitro NAb assays are among the most 
commonly used screening assays for NAbs. 23 " 26,32-34 However, 
one major limitation of these assays is the poor efficiency of 
infection in vitro of AAV serotypes other than AAV2, which results 
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in the underestimation of the NAb titer due to a need for higher 
multiplicity of infections to achieve a detectable reporter gene 
signal. Our data show that this obstacle can be at least partially 
overcome by using AAV vectors with higher transduction 
efficiency in vitro and expressing reporter genes such as 
luciferase that can be detected with high sensitivity. 

The issue of pre-existing (and AAV vector-induced) humoral 
immunity to AAV could be overcome by switching to serotypes 
that are less prevalent; 23,26 however, the high degree of 
conservation of amino-acid sequence and structure of capsid 
makes the task difficult because of anti-AAV antibody 
crossreactivity 23 More recently, it has been shown that repeated 
cycles of plasmapheresis are at least partially effective in lowering 
anti-AAV NAb. 32 The approach is effective in lowering NAb titers 
that are relatively low (^1:20), whereas it is not as effective with 
higher titers. 

We investigated the use of a pharmacological approach to the 
modulation of humoral immunity to AAV by measuring anti-AAV 
antibody titer in serum samples from subjects receiving one or 
two cycles of the B-cell-depleting antibody rituximab, which, due 
to its safety and efficacy profile, has gained wide acceptance in 
the clinic for the treatment of autoimmune diseases like RA. 22,35 
Our data suggest that this strategy results in lowering of anti-AAV 
NAb titer in small proportion of the subjects treated. Importantly, 
in some subjects anti-AAV NAb titer dropped below 1:5, to titers 
compatible with AAV vector administration. Although this result is 
not completely surprising, given the fact that rituximab efficiently 
depletes naive and memory B cells, 36 but fails to target plasma 
cells directly, which do not express the CD20 antigen, 37 it is not 
clear at this point why some subjects had a response and some 
not. Two points could be relevant to this finding: the first is that a 
drop in NAb titer was observed when the baseline-neutralizing 
activity of the serum was < 1 :1 000. This may reflect that the drug 
at these doses is only partially effective at taming B-cell responses, 
or else could simply reflect a lack of sensitivity of the assay, that is, 
a minor reduction in the NAb titer when the starting value is high 
does not translate into a change in the measured titer. The second 
is that the clinical response in RA patients treated with rituximab is 
not uniform, 38 which may reflect different traits of the underlying 
disease or simply a variable response to the drug. However, in this 
study the subset of subjects who had clinical response to 
rituximab (that is, improvement in the disease activity score 22 ) 
did not fully overlap with the subset of subjects who experienced 
a drop in anti-AAV NAb. 

The design of this study does not allow any conclusion on 
whether several repeated administrations of rituximab would 
result in more effective reduction in anti-AAV NAb titers or 
whether rituximab would be more or less effective in lowering 
anti-AAV NAb in healthy subjects, or subjects with diseases other 
than RA. Future studies will be necessary to address these points 
and to test the efficacy of combining pharmacological modulation 
of B-cell responses with physical methods to remove antibodies 
from the plasma. 32 

Finally, these results seem to be consistent with a study testing 
the use of a single course of rituximab in RA patients to eradicate 
anti-infliximab antibodies, which showed an only partial (38%) 
reduction in antibody levels, 39 and with results in non-human 
primates showing that a course of rituximab and cyclosporin A 
was at least partially effective in lowering anti-AAV antibodies. 40 

In conclusion, the data presented here suggest that NAb to AAV 
vectors present in the SF may constitute an obstacle to efficient 
synoviocyte transduction 18 and highlight the importance of 
sensitive anti-AAV NAb screening in subjects undergoing intra- 
articular gene transfer. The use of serotypes that are less prevalent 
in humans may be a valuable strategy to overcome the limitation 
of anti-AAV antibodies. Similarly, pharmacological modulation of 
anti-AAV antibody responses is partially effective in lowering 
antibody titers, and the efficacy of this maneuver may be 



improved by combining it with physical methods, such as 
plasmapheresis, 32 to lower levels of circulating anti-AAV 
antibodies, thus allowing for vector administration in subjects 
with pre-existing humoral immunity to AAV vectors. 



MATERIALS AND METHODS 

Serum and SF samples 

Human samples were collected at the Academic Medical Center in 
Amsterdam, The Netherlands, under a protocol approved by the local 
Ethical Committee. All subjects were consented before sample collection 
according to the Declaration of Helsinki protocols. Samples were coded 
and de-identified. Serum and matched SF samples were collected from 1 1 
RA patients positive for IgM rheumatoid factor (range 37-200 kU ml ~ q ) 
with active disease. Except one patient, all patients were treated with non- 
steroidal anti-inflammatory drugs, whereas patients under disease- 
modifying anti-rheumatic drugs were excluded from the analysis. For the 
rituximab study, the serum was collected before treatment and 4, 16 and 
24 weeks after one (n = 28 subjects) or two (n = 22 subjects) cycles of 
rituximab treatment, each consisting of two infusions. No SF was collected 
from these subjects. All subjects had active arthritis at baseline and were all 
on stable doses of metothrexate (5-30 mg per week) for at least 28 days 
before enrollment. Subjects on stable prednisone therapy (10mg per day) 
and non-steroidal anti-inflammatory drug treatments were also included in 
the study. Each treatment cycle consisted of two infusions of 1000mg of 
rituximab (Roche, Woerden, The Netherlands) on days 1 and 15 after 
premedication with 2mg clemastine fumarate (anti-histamine) given 
intravenously and 1000mg acetaminophen orally. This patient cohort 
was described previously. 22 

Anti-AAV antibody determination 

Anti-AAV2, 5, 6 and 8 NAb titer was determined as described previously 12 
using an in vitro neutralization assay. Two AAV vector constructs were used in 
the assay, a single-stranded vector expressing p-galactosidase under the 
control of the cytomegalovirus promoter (ssAAV-LacZ), or a self- 
complementary vector 20,21 expressing the Renilla luciferase reporter gene 
under the control of the chicken p-actin promoter (scAAV-Luc). To increase 
the efficiency of transduction of AAV vectors in vitro, 2V6.1 1 cells (ATCC, 
Manassas, VA, USA) were used, which expressed the adenoviral gene E4 
under the control of an inducible promoter. Cells were seeded in a 96-well 
plate at a density of 1.25 x 10 4 cells per well and a 1:1000 dilution of 
ponasterone A (Invitrogen, Grand Island, NY, USA) was added to the medium 
to induce E4 expression. On the day of the assay, serial half-log dilutions of 
heat-inactivated test serum were mixed with medium containing virus. For 
the ssAAV-LacZ vector, virus concentration used in the assay was 
-1 x lO^vgml" 1 for AAV2 and -5.5 x lO^vgml" 1 for AAV5, 6 or 8. 
For the scAAV-Luc vector, virus concentration in the assay was between ~50- 
and 150-fold lower. Residual activity of the reporter transgene was measured 
using either a colorimetric assay (ssAAV-LacZ) or a luminometer (scAAV-Luc). 

Anti-AAV capsid total IgG or Ig subclasses were measured with a capture 
assay; enzyme-linked immunosorbent assay plates were coated with 
5 x 10 10 capsid particles per ml of AAV empty capsids. Plates were blocked 
with 2% bovine serum albumin, 0.05% Tween-20 in phosphate- buffered 
saline for 2h at room temperature and serial dilutions of samples were 
loaded onto the wells and incubated overnight at 4°C Biotin-conjugated 
anti-human IgGI, lgG2, lgG3, lgG4 or IgM antibody (Sigma, St Louis, MO, 
USA) were used as detecting antibodies; streptavidin-horse radish 
peroxidase was added for substrate detection. Ig concentration was 
determined against standard curves made with serial dilution of human 
purified IgGI, lgG2, lgG3, lgG4 or IgM (Sigma). Note that the differences in 
absolute values between total anti-AAV IgG and anti-AAV IgG subclasses 
are likely due to differences in affinity of the secondary antibodies used in 
the capture assays. 

Virus production 

The p-galactosidase cassette (ssAAV-LacZ) flanked by AAV2 inverted 
terminal repeats, and the self-complementary cassette for the expression 
of Renilla luciferase (scAAV-Luc) were packaged into capsids from either 
AAV2, 5, 6 or 8 serotypes. Vectors were produced by the Research Vector 
Core of the Center for Cellular and Molecular Therapeutics at the Children's 
Hospital of Philadelphia with an adenovirus-free system in HEK-293 cells 
using a triple transfection method. 41 AAV vectors were purified by density 
gradient centrifugation, and vector titers were determined by dot blot. 
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Statistical analysis 

Statistical analysis of results was performed using GraphPad InStat version 
3.0a (GraphPad Software, San Diego, CA, USA). P-values <0.05 were 
considered statistically significant. 
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